Abstract-Grain boundary segregation of boron in nickel has been investigated using secondary ion mass spectrometry and FIM-AP techniques. Preliminary results show that segregation is of the equilibrium type which means that boron was concentrated to a few atomic layers at the grain boundaries and that the amount of segregation increased with decreasing annealing temperature.
I. INTRODUCTION
The enrichment of impurity atoms at interfaces can be due to either equilibrium or non-equilibrium segregation and the width of the affected zone can vary from a few to several hundred atomic planes. Both types of segregation can occur simultaneously. It is, however, possible to separate these two effects, since the time and temperature dependence of the mechanisms and the shape of the resulting concentration profiles are quite different. The FIM-AP technique with its ability of analysis with near atomic spatial resolution for all elements has been used to study the mechanism of segregation of interstitial elements in fcc materials. Nickel-boron alloy was chosen as a model system for the present work because a study of a binary alloy eliminates complicating additional interactions. Boron acts as an enhancer of grain boundary cohesion in nickel making this system particularly well suited for the FIM-AP technique. An earlier preliminary investigation of boron segregation to grain boundaries in nickel has been previously reported (1) . In that study nickel containing 60 pprn boron, cooled at approximately 30°/s from 1090" C, showed non-equilibrium segregation of boron to the grain boundary.
EXPERIMENTAL
Specimen preparation A nickel alloy containing 0.08 w/o of boron prepared from J.M. Specpure nickel (c20 ppm metallic impurities) and 99.4% boron (H.C. Stark, W. Germany) was used in the present study*. It is preferable to use materials with a grain size no larger than 200 pm for the preparation of thin atom-probe specimens containing a grain boundary at the tip. The grain size of as-received material varied from 200 to 1000 pm . Therefore, in order to obtain suitable grain sizes, the material was strongly cold worked and T h e alloy was prepared by prof. T Lundstrom.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1988660 annealed at 690" C for 1/2 h. Then cut into 20x10~2 mm pieces and finally heat treated at either 1090" C or 990" C. In this way grain sizes of about 100 pm were obtained for the material heat treated at 1090" C and about 45 pm for the material heat treated at 990" C.
The large amount of B contained in this alloy was chosen in order to repress grain growth during heat treatment by the presence of precipitates.
Two starting temperatures , 1090" C and 990° C, were chosen in order to study the starting temperature dependence of the boron segregation. These heat treatments were made in quartz capsules evacuated and then backfilled with helium. The capsules were cooled to room temperature at a cooling rate of 19 O/s. The holding times during heat treatments, 7 min at 1090° C and 15 min at 990" C, were chosen so that the diffusion distance for boron was approximately the same for both heat treatments. After heat treatment the outermost 0.3-0.4 mm of each specimen was removed in order to avoid surface cooling effects.
Pins were cut out from the fully heat treated material and atom probe specimens were prepared by standard electropolishing techniques. Controlled pulsed electropolishing combined with TEM (2) was used in order to obtain specimens with a grain boundary sufficiently close to the specimen tip ( fig.1 ).
Method of analysis
In order to determine the distribution of boron at grain boundaries, as complete as possible, a combination of microanalysis techniques was used. Secondary ion mass spectrometry (SIMS) was used to find the large scale distribution of boron while FIM-AP was used to determine the boron distribution on a finer scale. The concentration profiles across grain boundaries were determined using the atom-probe point analysis technique ( 3). TEM was used to determine the shape and the orientation of each analysed grain boundary.
RESULTS

SIMS
For both heat treatments SIMS analysis demonstrated the existence of boron both in the matrix and at the grain boundaries. Boron found in the matrix often formed large precipitates lying along the positions of previous grain boundaries in the as-received material ( fig.2) . SIMS analysis, with Cs+ as primary ions, showed that these precipitates contained oxygen, carbon and some phosphorus as well as boron. The boron content in the matrix between precipitates was somewhat higher in the material which had been heat treated at the higher temperature. The contrast from boron at the grain boundaries could only be observed with 02+ as primary ions. The variations of this signal suggested the presence of small boron precipitates ( fig.2 ) with the distance between precipitates being between 2 to 10 p. The amount of boron in the grain boundaries in the material which had been heat treated at 990" C, was higher than in that heat treated at 1090" C.
TEM, FIM-AP
TEM investigations of the grain boundaries which were subsequently analysed by FIM-AP showed contrast from small precipitates that probably correspond to those detected by SIMS (figl). All of these grain boundaries were planar high angle grain boundaries.
The grain boundaries appeared dark in the FIM images ( fig.3 ) without any bright spots or contrast which could be interpreted as precipitates. Analysis by atom probe showed clear enrichment of boron in the boundary regions after both heat treatments (fig.4) . The width of the boron enriched zone was very small: about 30 A both for material heat treated at 990" C and at 1090' C. The concentration of boron in the grain boundary regions was higher for material heat treated at 990°C than that for material heat treated at 1090° C. The boron content in the matrix well away from any grain boundary was higher for material which had been heat treated at 1090" C (table.1).
N. DISCUSSION
The results which were obtained by FIM-AP and those obtained by SIMS were consistent and showed that the segregation of boron was concentrated to a few atomic layers at the grain boundaries and that the extent of segregation increased with decreasing starting temperature. This indicates that the grain boundary segregation was of the equilibrium type (4). The McLean model (5) was therefore used to estimate the binding energy for boron at grain boundaries (table I) . Using the results from AP control experiments, made on AP specimens without grain boundaries at the tip, the concentration of boron in the matrix in these calculations was taken to be 0.04 at% for heat treatment at 1090' C and 0.02 at% for heat treatment at 990" C . The boron content at the boundary expressed as a fraction of a monolayer was about 8.1% for material heat treated at 990°C and about 7.1% for material heat treated at 1090" C.
The occurrence of equilibrium segregation for the heat treatments used in this study is in apparent contradiction with the previous AP investigation of boron segregation in nickel carried out by L. Karsson (1) . However, the microstructure (grain size, existence of large precipitates etc.) and heat treatment of the material used in the present study was quite different from that made by Karlsson. This makes it difficult to directly compare results from the two investigations. In order to fully clarify the manner in which boron segregates in nickel further investigations will be needed .
V. CONCLUSIONS
Combined microanalysis techniques (SIMS TEM and FIM-AP ) were used to investigate grain boundary segregation of B in nickel. *The segregation of B was concentrated to a few atomic layers at the grain boundaries. *The amount of segregation increased with decreasing annealing temperature. *The results indicate that the segregation is of the equilibrium type. *The estimated binding energy at a grain boundary was 0.66 eV for 990" C and 0.62 eV for 1090" C. 
